Th e eff ectiveness of various management practices to reduce phosphorus (P) loss from soil to water can potentially be improved by using by-product materials that have the capacity to sorb phosphorus. Th is study evaluated the P sorption and desorption potential, and the physicochemical characteristics of various phosphorus sorbing materials. Twelve materials were selected and P sorption potentials ranged between 66 and 990 mg kg . Iron, and calcium drinking water treatment residuals (DWTRs), a magnesium fertilizer by-product, aluminum, and humate materials all removed substantial amounts of P from solution and desorbed little. Humate had the highest maximum P sorption capacity (S max ). Materials which had a low equilibrium P concentration (EPC 0 ) and a high S max included aluminum and humate by-products. In a kinetic study, the Fe-DWTR, Ca-DWTR, aluminum, and magnesium by-product materials all removed P (to relatively low levels) from solution within 4 h. Phosphorus fractionation suggests that most materials contained little or no P that was readily available to water. Sand materials contained the greatest P fraction associated with fulvic and humic acids. In general, materials (not Ca-DWTR) and magnesium by-product were composed of sand-sized particles. Th ere were no relationships between particle size distributions and P sorption in materials other than sands. Th e Ca-and Fe-DWTR, and magnesium by-product also contained plant nutrients and thus, may be desirable as soil amendments after being used to sorb P. Further, using Ca-DWTRs and Fe-DWTRs as soil amendments may also increase soil cation exchange and water holding capacity.
Th e eff ectiveness of various management practices to reduce phosphorus (P) loss from soil to water can potentially be improved by using by-product materials that have the capacity to sorb phosphorus. Th is study evaluated the P sorption and desorption potential, and the physicochemical characteristics of various phosphorus sorbing materials. Twelve materials were selected and P sorption potentials ranged between 66 and 990 mg kg . Iron, and calcium drinking water treatment residuals (DWTRs), a magnesium fertilizer by-product, aluminum, and humate materials all removed substantial amounts of P from solution and desorbed little. Humate had the highest maximum P sorption capacity (S max ). Materials which had a low equilibrium P concentration (EPC 0 ) and a high S max included aluminum and humate by-products. In a kinetic study, the Fe-DWTR, Ca-DWTR, aluminum, and magnesium by-product materials all removed P (to relatively low levels) from solution within 4 h. Phosphorus fractionation suggests that most materials contained little or no P that was readily available to water. Sand materials contained the greatest P fraction associated with fulvic and humic acids. In general, materials (not Ca-DWTR) and magnesium by-product were composed of sand-sized particles. Th ere were no relationships between particle size distributions and P sorption in materials other than sands. Th e Ca-and Fe-DWTR, and magnesium by-product also contained plant nutrients and thus, may be desirable as soil amendments after being used to sorb P. Further, using Ca-DWTRs and Fe-DWTRs as soil amendments may also increase soil cation exchange and water holding capacity.
Phosphorus Sorbing Materials: Sorption Dynamics and Physicochemical Characteristics
J. W. Leader Wor-Wic Community College E. J. Dunne* and K. R. Reddy University of Florida/IFAS A dvanced removal of phosphorus (P) from P-impacted waters is often required when waters are lost to freshwater bodies (Genz et al., 2004) . Further, many watersheds within the U.S. and around the world are undergoing legislative processes that restrict the amount of P that is lost to receiving water bodies. Th erefore, more eff ective methods, in addition to the many management practices already in place, are and will be needed to help meet increasingly stringent water quality criteria. Th us, there is an increasing interest in using non-toxic by-product materials that contain P-sorbing components such as iron, aluminum, calcium, magnesium, organo-metallic complexes, and clays (Arias et al., 2003) . In general, ideal P-sorbing materials for use in various practices should be free, non-toxic, industrial byproducts, generated locally, widely available, and potentially useful as soil amendments once saturated with P (Maehlum and Roseth, 2000; De-Bashan and Bashan, 2004; Kvarnström et al., 2004) . Phosphorussorbing materials are used in practices such as constructed wetlands to increase P retention and decrease wetland landscape footprints (Drizo et al., 1999; Brooks et al., 2000; Ann et al., 2000; Brix et al., 2001 ). Phosphorus-binding materials such as drinking water treatment residuals (DWTRs) and other P-binding materials can be incorporated or surface applied to agricultural soils (Callahan et al., 2002; Novak and Watts, 2004; Dayton and Basta, 2005; Silveira et al., 2006) or applied to edge of stream or ditch soils to mitigate P loss and protect adjacent waters (Dayton and Basta, 2005; Penn and Bryant, 2006) . Phosphorus-sorbing materials such as alum are also incorporated into manures and biosolids to decrease P solubility (Moore and Miller, 1994; Elliot et al., 2002a) . Brix et al. (2001) investigated P-binding capacity of various artificial media such as light expanded clay, crushed marble, diatomaceous earth, vermiculite, and calcite. Using laboratory-scale experiments, they found that calcite and crushed marble had greatest P-binding capacities (25,000 and 5000 mg kg −1 , respectively). Shale and fl y ash were also found to have P adsorption capacities; however, these were much lower (350 and 730 mg P kg −1 , respectively) (Drizo et al., 1999) . Substrates such as alum (Al 2 (SO 4 ) 3 .4H 2 0) and ferric chloride (FeCl 3 ) which are often components of DWTRs, can reduce P loss from soil to water by up to 85%. Agyin-Birikorang et al. (2007) reported that agricultural soil amended with Al-DWTR reduced water-soluble P concentrations by about 60% with this being stable for 7.5 yr. Materials such as alum, DWTRs, and gypsum applied to high impacted cattle loafi ng areas prior to rainfall can also reduce P concentrations in runoff (Penn and Bryant, 2006) . Further, a laboratory study also found that mixing DWTRs with agricultural soil reduced virtually all P loss from soil to water (Silveira et al., 2006) . Hylander and Simàn (2001) suggested that P contained in land applied furnace slag, which was previously used for sorbing P during wastewater treatment, was also available for plant P uptake.
In this study, we sought out several by-product materials that were widely available in the U.S. (particularly in Florida) to: (i) evaluate material P sorption and desorption potential using laboratory batch experiments, and; (ii) determine material physicochemical characteristics. Th e overall objective of these laboratory experiments was to screen for suitable by-product materials that could potentially be used with present management practices to increase their eff ectiveness at retaining P. Further, the experiments presented herein were a template for subsequent experimenting at the mesocosm-scale, fi ndings of which are presented in Leader et al. (2005) .
Materials and Methods

Material Collection
Phosphorus-sorbing materials were gathered from a variety of sources. One source was the Southern Waste Exchange (SWIX). Waste and by-product materials from regional industries and organizations are listed with SWIX to fi nd potential users, and thereby reduce the waste stream burden on regional landfi lls. Twelve materials were selected for initial laboratory experiments; however, as experiments were being undertaken, some materials were eliminated due to performance problems or lack of availability. Consequently, not all twelve materials described in Table 1 were used in every experiment detailed in this manuscript. See Tables and Figures herein for details. A calcium-based (Ca) drinking water treatment residual ("Ca-DWTR") and an iron-based DWTR ("Fe-DWTR") were obtained from nearby public utilities (Gainesville Regional Utilities, Gainesville, FL and Hillsborough River Water Treatment Plant, Tampa, FL) in the form of a wet sludge. A magnesium (Mg) fertilizer by-product ("SuperMag by-product") was acquired directly from the manufacturer (SuperMag, Bradley FL) as a dry dust. A dried humate by-product of titanium mining ("humate product") was acquired directly from a processing research company (SIGARCA, Inc., Gainesville FL).
Th ree sands were obtained from a local mine in Grandin, Florida (Florida Rock, Inc., Jacksonville, FL). Two of the sands are mined and separated for use in producing concrete ("sand-concrete") or masonry ("sand-masonry") products. Th e third sand had iron coatings ("sand-coated") and was not suitable for producing concrete. An organic soil ("organic soil") was obtained from a wetland restoration project. Organic soils have high value for use in wetland restoration and are not a by-product. However, it was used in some (but not all) experiments, as organic soils typically occur in natural treatment wetlands, which are sometimes used to treat P-laden waters. Two aluminum materials were obtained from the SWIX waste exchange. Th e fi rst aluminum material ("Al #1") was mostly alumina or Al-oxide (Al 2 O 3 ). It was later determined that it had been submitted to the waste exchange in error and in fact was not a by-product, but a material with high market value for producing aluminum. Th e second Al material (Al #2) was an alumina-coke mixture that was a by-product and currently being land fi lled. A dried Fe-sludge processed in a vortex dehydrator ("dehydrated Fe-sludge") was obtained directly from the processor (SOS Technologies, Inc., Mission KS) after contacting SWIX. Finally, a by-product of ship repair operations ("sandblast grit") listed with SWIX was obtained for P sorption studies (Compliance and Remediation, LLC, Mango FL).
Phosphorus Sorption Properties
Th e most important property to test for was the ability of materials to remove P from solution (sorption) and not readily release that P into solution (desorption). Sorption of P was defi ned as removing P from solution by association with the solid phase (substrate material). Desorption was defi ned as releasing some or all of that P from the solid phase back into solution when equilibrated with P-free solution. For the single-point sorption isotherms, 2 g (dry weight equivalent) of material was placed in a centrifuge tube with 20 mL of 100 mg P L −1 (as potassium phosphate) solution prepared in a 0.01 mol L −1 potassium chloride (KCl) matrix. Tubes were then placed on an end-to-end shaker for 24 h. After 24 h, samples were centrifuged at 6000 rpm for 10 min. Th e supernatant from each tube was vacuum fi ltered through a 0.45-μm membrane fi lter into a scintillation vial, acidifi ed with one drop of concentrat- ed sulfuric acid (H 2 SO 4 ) and refrigerated at 4°C until analyzed for P (within 24 h). All sample solutions were analyzed using the common molybdate colorimetric test (Murphy and Riley, 1962 ) on a spectrophotometer (UV-160; Shimadzu, Columbia, MD). Th e diff erence between the amount of P left in solution and amount in the original solution was described as P sorbed by material. For desorption isotherms, 20 mL of P-free 0.01 mol L −1 KCl solution was added to 2 g dry weight of material, which was the wet residue left in the tube after centrifuging during sorption isotherms. Tubes with residue and solution in them were put back on shaker for 24 h, after which they were centrifuged and vacuum fi ltered as described above. Th e fi ltered desorption supernatant was then analyzed for P. Taking into account the P content of the wet residue, the mass of P desorbed per kilogram of substrate was calculated based on the P content of the desorption supernatant.
Multipoint P sorption isotherms were also completed to derive theoretical sorption maximum (S max ) and equilibrium P concentration (EPC 0 ) values for materials. Th ese P retention parameters can indicate the potential P removal performance of materials under various P loading and solution P concentrations. Th e method is the same as described above for the sorption isotherms; however, groups of sample replicates were equilibrated with diff erent P concentrations (0, 0.5, 1, 2, 5, 10, 20, 50, and 100 mg P L
−1
). Samples were also analyzed similarly but with semi-automated colorimetry according to USEPA Method 365.1 (USEPA, 1993) . Th e P retention parameters were derived using the Langmuir equation as described by Reddy et al. (1998a) . Th e desired parameters and coeffi cients were derived using two different graphs of the multipoint isotherm data. First, the mg of P adsorbed per kg of material (S') was plotted against P left in solution after 24 h of equilibration (C 24 ). Th e linear portion (linear regression yields r 2 > 0.94) of this curve is described by Eq.
[1].
Th e slope of that line (k d ) is a linear sorption coeffi cient. Th e y-intercept of the line represents the amount of P originally sorbed to the material (S 0 ). Th e total amount of P sorbed to the solid phase (S) is equal to S' + S 0 . Th e x-intercept of the line represents the point at which adsorption and desorption are equal and is called the "equilibrium P concentration" (EPC 0 ). Th e second graph plots C 24 /S against C 24 and is the linear form of the Langmuir equation (Eq.
[2]). Th e theoretical maximum amount of P the material can adsorb (S max ) is the inverse of the slope. By calculating S max a constant (k b ) that is related to bonding energy can also be determined.
Kinetic Study
Samples were equilibrated with P solutions for diff erent lengths of time to determine relative rates of P removal. Determining relative rates is useful, as it can indicate how long the material needs to be in contact with P for eff ective retention. Th e data points generated after 24 h equilibration time were taken from the previous multi-point isotherm experiment. Th is data was incorporated with data generated with samples that were equilibrated for 0.5, 1, 2, 4, and 12 h. Phosphorus remaining in solution was plotted against equilibration time and regression analysis was undertaken to describe the rate of P removal and to provide insight into the type of P removal process for each material.
Inorganic Phosphorus Fractionation Analysis
Materials were also characterized for their diff erent P fractions. Fractionating these materials provides an insight into the stability of P. Samples (0.5 g dry weight equivalent) were used in an inorganic P sequential fractionation scheme (Reddy et al., 1998b) . However, this scheme was modifi ed, as an initial substrate to solution ratio of 1:50 on a weight to volume basis was used. Sequential extractants used were 1 mol L −1 KCl, 0.1 mol L −1 NaOH, and 0.5 mol L −1
HCl. Th e NaOH extracts were analyzed for both soluble reactive P (SRP) and total P (TP), whereas the KCl solution was analyzed for SRP. Th e residue from the fi nal HCl extraction was combusted at 550°C for 4 h and dissolved in 6 mol L −1 HCl before P analysis. All solutions were analyzed with semi-automated colorimetry according to USEPA Method 365.1 (USEPA, 1993).
Metal Analysis
Sample extracts were analyzed for metal content (Ca, Mg, Fe, and Al). Sample replicates (0.5 g dry weight equivalents each) were extracted with 0.2 mol L −1 ammonium oxalate for Fe and Al (Sheldrick, 1984) , and 1 mol L −1 HCl (3 h equilibration on shaker) for Ca and Mg. Samples were fi ltered (0.45 μm) and extracts were analyzed for Fe, Al, Ca, and Mg by atomic absorption spectrophotometry (AAS) (Model 460; PerkinElmer, Waltham, MS) using USEPA Methods 236.1, 202.1, 215.1, and 242.1 respectively (USEPA, 1993).
Particle-size Distribution Analysis
Materials were analyzed for particle-size distribution. Th is standard soil analysis was done on even non-soil materials to compare their relative particle sizes and theoretical surface area based on a standard analytical method. Th is method yields the relative percentage of three soil size fractions: sand, silt, and clay, based on theoretical particle-size diameter (USDA-NRCS, 1992). Clay-sized particles are involved in P sorption (Axt and Walbridge, 1999) ; therefore, particle size was a relevant physicochemical property to determine the P sorbing materials. When using this analytical method, soluble salts can be counted as clay particles and thus, introduce error in interpreting results. Th e theoretical specifi c surface area of the materials was determined by assuming that sand particles have a specifi c surface area of 30, silt 1500, and clay 3,000,000 cm g −1
. Th e humate product could not be analyzed in this way due to the high organic content and the internal porosity of hardened aggregates; therefore, results are not presented in Table 2 .
Results and Discussion
Phosphorus Sorption Properties
Phosphorus sorption and desorption isotherms indicate the potential for candidate materials to retain and release P to solution (Brix et al., 2001; Zhu et al., 2003; Seo et al., 2005) . Substrate P sorption potentials (Table 3 ) ranged from a low of 66 mg kg −1 (sand-concrete) to a high of 990 mg kg −1 (humate product). Th e maximum amount of P available for sorption in this experiment was 1000 mg kg −1
. Several samples adsorbed nearly 100% of this P. Th e aluminum, iron, calcium, magnesium and humate materials all removed substantial amounts of P from solution and desorbed relatively little P when equilibrated with P-free solution (Table 3) . Elliot et al. (2002b) investigated the eff ect of DWTRs on P solubility and leaching from soils amended with biosolids. Th ey suggested that the ability to reduce P by DWTRs was greatest using Al, then followed by Ca-DWTR, Fe-DWTR, and hematite.
In our study, the organic soil desorbed the greatest amount of adsorbed P, whereas the concrete-sand removed relatively little P from solution suggesting that this material may not be a useful material to amend soils, manures, and/or water to increase P retention and reducing P solubility. Brix et al. (2001) reported that for 13 sands surveyed, Ca content was an important characteristic, as it controlled P retention.
For each substrate, the mass of P adsorbed to the substrate (S') was plotted against the concentration of P left in solution after 24 h of equilibrating (C 24 ). Th e graphs of S' versus C 24 from the multipoint P isotherms are presented in Fig. 1 . Th e concrete and masonry sands had the lowest S max values ( Fig. 1; Table 4) . Th e sandblast grit, organic soil, coated sand, and aluminum materials had S max values that ranged between about 200 and 630 mg P kg product was not tested as it had too much organic content and the internal porosity of hardened aggregates. Further, the organic soil was not tested as particle size distribution is typically determined for mineral materials. The dehydrated Fe-sludge was not tested due to it not being available locally. ). Zvomuya et al. (2006) suggest that when agricultural soils containing high amounts of P are amended with alum and ferric chloride, P solubility decreases. Using laboratory experiments as a template, alum was then applied to soil at a rate of 1.3 kg m −2 at the fi eld scale. Amending with alum reduced soil P solubility by 85%.
Phosphorus sorption ---------------------%---------------------
A low EPC 0 is an indicator that material will continue to adsorb SRP even when solution SRP concentrations are low (but not lower than EPC 0 ) (Reddy et al., 1999) . Materials which had a low EPC 0 and a high S max included the aluminum and humate by-products (Table 4) . Th is suggests that these materials would be suitable for surface application or incorporation with soils and coblending with manures and biosolids to reduce P solubility. Th ey may also be eff ective if used with wetland systems to retain P from incoming waters such as agricultural surface runoff , subsurface runoff , and or wastewaters. For example, Leader et al. (2005) suggested that Fe-DWTRs and Ca-DWTRs may be more eff ective in retaining SRP when used as a co-treatment after, rather than before treating waters using constructed wetlands. In our study, the organic soil had the second highest S max value and also had the greatest EPC 0 value; thus, having a high potential to retain P, but also a high potential to release P. Th e organic soil had the lowest k b value. Th is coincided with the greatest P desorption, supporting the premise that k b is related to bonding energy, and that the wetland organic soil itself is not inherently eff ective at removing and retaining P from solution. Conversely, the masonry sand and aluminum #1 materials had the highest k b value and a low desorption concentration. Elliot et al. (2002b) indicated that when triple super phosphate was applied to soils and those soils were subsequently amended with AL-DWTR (56 Mg ha −1 ), P loss from soil was less than 1%. In the absence of applying the DWTR, P loss from soil to water was about 25% of the P applied.
In our laboratory experiments, which had a short timescale, P sorption is expected to be primarily inorganic. Th e four main inorganic P reactions are precipitation with Al, Fe, Mn, Ca, or Mg; anion exchange; reaction with hydrous oxides; and fi xation by silicate clays. We expect that the primary P-binding process was precipitation, as both P and P-binding materials were in high quantities. Precipitation is often described as the slow phase of P sorption, which includes diff usion and precipitation. It occurs when a critical concentration for nucleation is exceeded (Rhue and Harris, 1999) .
Kinetic Study
Results of the P sorption kinetic study are shown in Fig. 2 . Th e Fe-DWTR material removed P so rapidly (within 0.5 h) from solution that an adequate regression curve could not be calculated; therefore, we do not present results. Previous studies have found that management practices such as constructed wetlands that use P-binding materials like FeCl 3 were more eff ective at reducing water column P relative to using materials such as Al 2 SO 4 (Ann et al., 2000) . However, Fe-bound P Error bars represent ± one standard deviation. The sand-masonry was eliminated as a potential candidate material due to low P-sorption capacity, therefore it was not tested further. The organic soil had too high an in situ value in natural wetlands; therefore we did not view it as a readily available by-product. The Al#2 and sandblast grit materials were not tested due to potential toxicity concerns. The dehydrated Fe-sludge was not tested, due to it not being locally available.
can become available to overlying waters when soil-water conditions are anaerobic (Patrick and Khalid, 1974) , whereas Al-bound P does not (D'Angelo, 2005) . Th e Ca-DWTR, aluminum #1, and SuperMag materials all removed P from solution very quickly (about 4 h) to relatively low levels. Equations for regression curves shown in Fig. 2 are presented in Table 5 . Th e r 2 values indicate a good fi t with all of the regression curves derived, except for concrete sand. Concrete sand performed poorly at removing P from solution, irrespective of equilibrating time. Equations were all negative log, power, or exponential, suggesting that P was removed from solution by precipitation reactions. [PO 4 ] 2 ) with discrete forms precipitating at low pH (Ann et al., 2000) .
Inorganic Phosphorus Fractionation
Materials analyzed had a range of initial P amounts and diff erences in the amount of P in the fi ve fractions (Table 6) . Th e KCl fraction is considered labile or readily bioavailable P (O'Connor and Sarkar, 2000) . Most materials , including, Fe-DWTRs, contained little bioavailable P suggesting that materials would not readily release P to water.
Th e SRP in the NaOH-extracted solution is believed to represent Fe-and Al-bound P, since these metals tend to release P at elevated pH levels (Hieltjes and Lijklema, 1980) . Sands contained the largest fraction associated with Fe and Al (Fig. 3) . Th e Fe-DWTR did not have a large P fraction stored as Fe-and Al-bound P (about 3% of TP). However, it did have the largest amount (58%) of P thought to be alkali-extractable organic P (NaOH-P o ), which is P associated with fulvic and humic acids (Reddy et al., 1999) . Elliot et al. (2002b) reported that in a Fe-DWTR, about 30% of the P was associated with a NaOH fraction. In industry, Fe-DWTR is commonly referred to as "iron humate" since it is used to remove dissolved organic material from drinking water.
Th e HCl fraction is assumed to represent Ca-and Mg-bound P, since these metals tend to release P under low pH conditions. Furthermore, at mid to high pH ranges (6-8.5) Ca compounds can precipitate (Ann et al., 2000) . Th e humate product and SuperMag had the greatest concentrations of P assumed to be Caand Mg-bound and these were a large proportion of total P (Fig.  3) . In comparison, the Ca-DWTR did not have a comparatively high HCl fraction.
Residual P is normally regarded as unavailable organic P, but may also include mineral bound P that could not be extracted (Reddy et al., 1999) . Th e coated sand, Fe-DWTR, and humate product each had relatively high levels of this P fraction (Fig. 3) . 0.90 † Data is shown for six materials as the Fe-DWTR removed P so rapidly that the regression curve could not be derived with the sensitivity of this experiment. Sand-masonry had been eliminated as a candidate due to low P-sorption capacity, so it was not tested further. The organic soil had too high an in situ value in natural wetlands; therefore we did not view it as a readily available by-product. The dehydrated Fe-sludge was not tested as it was not available locally. The Al #2 and sandblast grit materials were not tested due to potential toxicity concerns. Fe-DWTR 0.99 ± 1.5 11 ± 3 215 ± 34 1.56 ± 1.0 143 ± 62 371 ± 51 Humate product 0.14 ± 0.0 66 ± 7 <1.50 397 ± 5 185 ± 9 649 ± 15 † Data is shown for six materials as the Fe-DWTR removed P so rapidly that the regression curve could not be derived with the sensitivity of this experiment. Sand-masonry had been eliminated as a candidate due to low P-sorption capacity, so it was not tested further. The organic soil had too high an in situ value in natural wetlands; therefore we did not view it as a readily available by-product. The dehydrated Fe-sludge was not tested as it was not available locally. The Al #2 and sandblast grit materials were not tested due to potential toxicity concerns. Fig. 3 . Inorganic phosphorus fractions of tested materials. The total mass (mg) of phosphorus per mass (kg) of material are provided above each column. The NaOH-P i represents the inorganic P in the NaOH extracted solution. The NaOH-P o represents the amount of organic phosphorus in the NaOH extract. The inorganic phosphorus was calculated as the diff erence between total P and soluble reactive P in the NaOH solution.
With the exception of the Fe-DWTR and the humate product, materials had relatively low levels of organic matter. Th is suggests that at least part of the residual P fractions were composed of crystalline or tightly bound inorganic P forms, which were only released on combustion. Th e coated sand, Fe-DWTR, and humate product had the highest sums of P fractions coincident with their ability to remove P from solution. Th is may be counter-intuitive, but not uncommon that materials already high in TP may still have a great potential to adsorb P from solution.
Extractable Metals
Th e concrete and masonry sands had relatively small amounts of oxalate-extracted Fe and Al, and HCl-extracted Ca and Mg, for P sorbing (Table 7) . In comparison, the coated sand had higher Fe and Al levels, which may have contributed to its better P removal performance (Table 4) . Th e organic soil had very high HCl-extractable Ca and high Mg, as well as high oxalate-extractable Fe implying that on fl ooding, P bound to ferric forms (Fe 3+ ) could be released, as under reduced soil redox conditions, Fe 3+ is transformed to Fe 2+ . Phosphorus bound to Ca and Mg would be aff ected by changes in soil porewater pH conditions (Moore and Reddy, 1994) rather than changes in redox.
Th e aluminum material #1 had high levels of oxalate-extractable Al; however, the aluminum material #2 had about twice the amount of oxalate-extractable Al and much greater concentrations of Fe and HCl-extractable Ca. Aluminum #1 material was a refi ned material (alumina), whereas the aluminum #2 material was actually an alumina-coke mixture that was a waste product of the refi ning process and thus had Fe, Al, and Ca potentially available for sorbing P.
Th e humate product had high concentrations of oxalate-extractable Al, but also contained considerable amounts of Fe and Ca (Table 7) . Th e SuperMag material contained the highest level of HCl-extractable Mg, but also contained high concentrations of Ca. Th e Ca-DWTR had the greatest amounts of HCl-extractable Ca and Mg. Calcium is used as a water softener to remove hardness in water treatment technology (Elliot et al., 2002b) . Th e Fe-DWTR contained the greatest concentrations of ammonium oxalate-extractable Fe (but also large amounts of Ca). Th e high Fe content is not surprising, as this DWTR is a by-product of ferric sulfate, which is typically used as a coagulant for fl occulating water during water purifi cation (Elliot et al., 2002b) .
Comparisons were made between moles of individual metals, pairs of metals, and all metals versus P sorption parameters. No signifi cant relationships were found. Th is is not surprising, since materials had heterogeneous physicochemical characteristics. Drizo et al. (1999) suggested similar, as they found few relationships between P sorption and substrate physicochemical properties (pH, cation exchange capacity, hydraulic conductivity, porosity, and surface area). Diff erences between P sorption were better described using direct comparison of P sorption data.
Particle-size Distribution
In soil samples the three size fractions are operationally described as sand (0.05 to 2.0 mm), silt (<0.05 and >0.002 mm) and clay (<0.002 mm). Th ese designations were applied to materials, including non-soils. Th e results of the particle-size distribution analysis for some of the materials are presented as proportions of theoretical size fractions in Table 2 . In general, materials (not Ca-DWTR and SuperMag) were composed of sand-sized particles. Th e Ca-DWTR was dominated by silt-sized particles, whereas the SuperMag by-product had similar proportions in sand, silt, and clay. Fine materials such as the Ca-DWTR had increased surface areas; therefore, they potentially have a greater capacity to sorb P, relative to coarser grained materials (Drizo et al., 1999) .
Th ere were no relationships between particle size distributions and P sorption in materials other than sands. Th ere were good relationships (linear regression r 2 > 0.9) between theoretical specifi c surface area and P sorption by the three sands (concrete, masonry, and coated). Th e coated sand had a large proportion of its theoretical specifi c surface area associated with clay fractions. Knowing particle size distribution of materials has relevance, because if these fi ne grained materials are land applied to agricultural soils they may also increase soil cation exchange capacity and soil water holding capacity, in addition to contributing to decreased solubility of P in soil. Further, they may also be removed in surface runoff .
Conclusions
Findings suggest that Al #1, Fe-DWTR, Ca-DWTR, SuperMag by-product, humate product, and coated sand removed substantial amounts of P from solution. Th ese materials also had the potential to remove P from solution low in P. Th erefore, these materials may be useful for land applying to soil, co-blending with manures and biosolids, and amending constructed wetland soils to reduce P solubility and increase P retention by these practices. Th e Fe-DWTR, Ca-DWTR, and magnesium materials also contain plant nutrients and thus, may be further desirable as agricultural soil amendments. Further, materials such as Ca-DWTR and FeDWTR may provide additional benefi ts for soil quality such as increased cation exchange and water holding capacity, which in turn has benefi ts for agricultural crops.
